SUMMARY A system for simultaneous 24-hour tape recording of ECG and respiration has been developed and used in the study of 4 groups of newborn infants. In 50 randomly selected, healthy term infants, the mean lowest heart rate (>9 beats' duration; was 88 ± 13. 14 (28%) infants had junctional escape rhythms, 5 had supraventricular, and 2 ventricular premature beats. 34 (68%) subjects had apnoeic episodes >10 seconds' duration; the 95th centile for maximum duration of apnoea was 18 seconds, the longest episode being 28 seconds. Episodes of bradycardia <100/minute were associated with 50 of a total of 288 episodes of apnoea of 10-14 seconds, with all 4 episodes of 15-19 seconds, and with both episodes >20 seconds.
continuation, after discharge from hospital, of dangerous episodes of prolonged apnoea unnoticed by clinical observation. We therefore studied a group of 100 preterm infants when apparently well and about to leave hospital. As a control series we investigated 50 healthy term infants.
Previous studies have shown that some infants with 'near-miss' cot death episodes have prolonged apnoea, and 5 such infants were therefore studied. In addition, siblings of SIDS victims have been reported to be at excess risk of SIDS9 and one such infant, who was also preterm, was studied before discharge from hospital.
Finally, 11 infants with cardiac arrhythmias on a standard ECG were investigated to determine whether changes in ECG pattern were associated with changes in respiration. Patients and methods 50 control infants were randomly selected from the maternity units of Dorchester and Weymouth hospitals. All were term (>37 weeks) in gestation and >2 5 kg at birth. Their ages ranged from 1 to 15 days (mean 4).
A random group of 100 infants with birthweights <2 5 kg or gestations <37 weeks, or both, were studied in the special care units of 9 hospitals within 5 days of their discharge home (Dorchester, Exeter, Queen Charlotte's, University College, Hillingdon, Kingston, Leicester, Hammersmith, and Brighton Hospitals). There were 51 boys and 49 girls; their ages ranged from 2 to 104 days, mean 26. Birthweights ranged from 840 to 2950 g (mean 1941) and gestation from 27 to 40 weeks (mean 34). 68 were preterm, 9 were small-for-dates, and 23 were both. 11 infants were one of twins. Postconceptional maturity at the time of recording varied from 36 to 47 weeks.
Five infants who had recently presented with 'near-miss' cot death episodes were studied by a single 24-hour recording after other investigations had failed to show abnormalities. These infants presented with attacks of pallor, cyanosis, and collapse. They recovered either spontaneously or after resuscitation by their parents. An additional infant was studied because his 2 previous siblings had died from SIDS. He was preterm (birthweight I 50 kg, gestation 30 weeks) and was investigated immediately before discharge home at age 78 days.
Finally, 11 infants with arrhythmias detected by a screening ECG performed routinely on all neonates in the Dorchester and Weymouth Maternity Hospitals were studied within the first 10 days of life. Recording technique 24-hour ECG recordings were obtained using 2 electrodes positioned over the heart. A simultaneous respiration signal, provided by a separate impedance unit powered by a rechargeable battery, was obtained from two electrodes placed approximately 10 cm apart on the opposite side of the chest wall from the ECG electrodes (Fig. 1) . Changes in electrical resistance brought about by change in the dimensions of the chest were received by the impedance unit and transferred to a second channel of a Medilog recorder (Oxford Medical Systems). ECG and respiration signals were checked during the recording by output leads to a test meter (Oxford Medical Systems). Infants were not disturbed by the electrodes and mothers were able, and encouraged, to handle and feed their babies in the usual way while recordings were being made either in the maternity nurseries or in the discharge section of the special care unit. All 24-hour ECG and respiration analysis. The tapes were analysed using a system programmed to detect both apnoea >10 or 20 seconds' duration from the respiration channel and heart rate, or rhythm changes outside preset values from the ECG channel (Oxford Medical Systems). The highest and lowest heart rates were found and then documented on standard ECG paper at 25 mm/second; the former were measured over 9 beats and the latter over 3, 5, and 9 beats' duration. The rhythm over a minimum of 3 successive beats at the lowest heart rates was also noted.
The analyser was set to trigger for all episodes of apnoea >10 seconds and when these occurred a 40-second memory display of respiration was produced on the oscilloscope. A simultaneous 40-second memory of the ECG was also stored for display on a twin oscilloscope. Both ECG and respiration memory stores could be independently printed at 25 mm/second on to standard ECG paper. However, to obtain simultaneous printouts (see Figures) of both ECG and respiration, a twin channel fibreoptic recording system was used (Medilec). Only clearly recognisable episodes of apnoea were documented; any episodes of apparently shallow respiration were noted but not analysed in this study. Interference from the cardiac impulse often simulated respiration during episodes of apnoea, particularly when associated bradycardia was present.12 As the heart rate slowed the stroke volume of the heart increased and in some cases the cardiac signal received on the respiration channel became indistinguishable from normal respiration (Fig. 3) . The simultaneous recording of ECG ensured that cardiac impulse interference was recognised by matching the rates. Finally, whenever an apnoeic episode was detected, the presence of associated bradycardia <100/min was noted, and the delay between the onset of apnoea and that of the bradycardia was documented.
Results
Term infant control population (n=50). The distribution of slowest and fastest heart rates ( Table 1) was shown to conform to normal by the Kolomogorov-Smirnov test.13 At their slowest rates 36 (72%) had sinus and 14 (28 %) had junctional Table 2) . 34 (68 %) control infants had apnoeic episodes of 10-14 seconds' duration ( Fig. 4) and included 4 (8%) with apnoea of 15-19 seconds' duration and 2 (4%) with apnoea >20 seconds (20 and 28 seconds') duration (Table 3) .
The average maximum duration of apnoeic episodes >10 seconds in the 34 members of this group with apnoea >10 seconds was 13 seconds (95th centile 18 seconds, maximum 28 seconds), Details of the 2 babies with the most prolonged episodes of apnoea are given in Table 4 .
50 of a total of 288 episodes of 10-14 seconds, all of 4 episodes of 15-19 seconds, and both of 2 >20 seconds' duration were associated with episodes of bradycardia <100 min (Table 3 subjects with apnoeic episodes and associated bradycardia of <100/min the bradycardia in 2 episodes, in different subjects, started simultaneously with the onset of apnoea and in the remainder after a delay In one baby bradycardia started 3 seconds before an apnoeic episode. In this population numerous episodes of bradycardia <100/min occurred in the absence of associated apnoea (as measured by the impedance technique). Finally, in 4 babies the apnoea continued after the bradycardia had ended (Fig. 5) . Histogram from direct ECG analysis of the minimum heart rates measured over 9 consecutive beats in 100 healthy low birthweight infants studied immediately before their discharge home (this histogram follows a normal distribution).
Low birthweight and preterm population (n=100). The distribution of lowest and highest heart rates was also shown to conform to normal by the Kolomogorov-Smirnov test (Fig. 6 , Table 1 ).'3 At their lowest heart rates 78 were in sinus rhythm, 18 had junctional, one idioventricular (Fig. 7) , and 3 had both idioventricular and junctional escape rhythms (Table 2) . Two had supraventricular and 6 had ventricular premature beats (Table 2) . Of the 2 with supraventricular premature beats, none had > 12/hour, but 3 of the 6 infants with ventricular premature beats had >12/hour (19, 109 , and 258/hour). A further subject had a single episode of 10 beats' duration of ventricular tachycardia (220/min) ( Table 2) .
66 babies in this group had apnoeic episodes >10 seconds' duration, 65 had apnoea of 10-14 seconds, including 21 with apnoea of 15-19 seconds' duration and 8 with apnoea >20 seconds (Table 3) . One baby had apnoea of 15-19 seconds without episodes of apnoea of 10-14 seconds.
The average maximum duration of apnoeic episodes in the 66 infants with apnoea >10 seconds was 14 seconds (95th centile 20 seconds, maximum 52 seconds (Figs 8 and 9) ).
Details of the 5 babies with the most prolonged apnoeic episodes are shown in Table 4 .
34 babies had apnoeic episodes of >10 seconds, associated with bradycardia. In 3 the bradycardia started simultaneously with the onset of apnoea and in the remainder after a delay of between 3 and 20 seconds (average 8 seconds) (Fig. 10) .
Numerous episodes of bradycardia without associated apnoea, as documented by impedance changes, occurred in this group.
The frequency of apnoeic episodes of 10-14 seconds' duration correlated with gestation at birth: the more preterm the more frequent the apnoeic episodes on discharge from hospital (Spearman rank correlation P<0 .05). Apnoea >14 seconds did not correlate significantly. Apnoeic episodes <20 seconds were also present more frequently in the preterm, than in the preterm plus small-for-dates groups, or in the small-for-dates group alone (P<0-02 for 10-14 seconds, P<0O05 for [15] [16] [17] [18] [19] seconds; Mann-Whitney U test.13 Apnoeic episodes >20 seconds were not significantly correlated with maturity category. there is a large signal on the respiration carrier Fig. 9 Section of 24-hour ECG recording at 25 mml followed by apnoea of 45 seconds. 20 seconds after the vecond illustrating the ECG features of the episode onset of this apnoea there is a sinus bradycardia )f apnoea and bradycardia shown in Fig. 8 . Top panel leading to a junctional escape rhythm. This episode of hows the development of sinus bradycardia. During bradycardia ends with the termination of apnoea. After 'he second panel the PR-interval is much shorter due this attack there is an episode of hyperventilation lo a junctional escape rhythm. In the third panel there (producing a characteristic pattern on the respiration s a sinus pause of 3*3 seconds.
channel (see Fig. 2) ). Preterm with 2 siblings SIDS *Idioventricular rhythm at lowest heart rate, tassociated bradycardia < 100/min. Finally, Fig. 13 gives details of maximum apnoeic duration attained over 24 hours correlated with minimum heart rate attained over 24 hours for individual preterm, term, and near-miss cot death subjects.
Discussion
Value of combined 24- Maximum duration of apnoea (seconds) Fig. 13 Minimum heart rate (measured over 3 beats) and the maximum duration of apnoea attained over the 24-hour period are plotted for each subject (controls, preterm on discharge from hospital, and near-miss SIDS). This graph shows that most subjects have minimum lowest heart rates of > 50/min and maximum apnoea duration of < 25 seconds. One preterm and 3 near-miss subjects are positioned widely outside these normal values.
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In a group.bmj.com on December 22, 2017 -Published by http://adc.bmj.com/ Downloaded from investigating heart rate and rhythm changes from the ECG and respiration pattern from impedance pneumography. The technique is noninvasive, safely performed in hospital or at home, and each recording can be analysed in 30 to 45 minutes. The often intermittent nature of episodes of apnoea and bradycardia necessitates a long-term recording system for their documentation. Stein and Shannon'4 showed the value of tape recordings of respiration alone in the care of ill preterm infants. However, impedance pneumography does not detect upper airway obstructive apnoea, changes in chest wall dimensions continuing in the absence of air entry.8 Such episodes, particularly when prolonged enough to produce hypoxaemia, are generally associated with bradycardia, and simultaneous documentation of the ECG on our tape recording system helps to prevent clinically relevant episodes from remaining undetected. Similarly, as mentioned earlier, by matching the ECG signal to that of respiration, cardiac impulse interference during apnoea may be avoided (Fig. 3) .
Respiration patterns and heart rhythm in infancy. The frequency and duration of apnoeic episodes found in this study differ from those described in other studies of respiration in healthy term infants, possibly because of our longer recording time and larger population. For example, the percentage of babies (68 %) with episodes of apnoea >9 seconds is much greater than in other studies of term infants-13 %15 and 9-22 %. 16 Only one other study has reported apnoea exceeding 20seconds in duration. 17 Previously reported studies of long-term ECG recordings on preterm infants'8-20 cannot be compared with the recordings made in our study. All previous measurements were made in the first days of life and some of the infants were unwell, unlike our population of healthy preterm infants screened immediately before their discharge home.
Both supraventricular and ventricular premature beats were common findings in term and preterm infants on discharge from hospital. Four preterm infants and 2 near-miss 'cot death' babies showed episodes of idioventricular rhythm, associated in 5 of them with episodes of apnoea. This escape rhythm has not previously been described in infancy.
Relationship between heart rate, heart rhythm, and apnoea in infancy. The relationship between apnoea and bradycardia found in this study agrees with previous reports.4 [21] [22] During most episodes, bradycardia follows the onset of apnoea by a shorter period of time than would be expected if hypoxaemia were the cause (Fig. 8) . In others, particularly in those with near-miss SIDS, there is a longer period of apnoea before bradycardia, suggesting that hypoxaemia may be responsible (Fig. 11) . It is possible that in some cases apnoea is preceded by upper airways obstruction (undetected by impedance pneumography), in which case the duration of apnoeic episodes, that is cessation of air entry, may be even greater than we have described. Also, some episodes of bradycardia, seemingly without associated apnoea on the tracing, may be associated with upper airways obstruction.
It is likely that most episodes of bradycardia, with or without apnoea, are automatic reflex events related for example to defecation, hiccoughing, or vomiting rather than to hypoxaemia.23 This hypothesis is supported, in some cases by a continuation of apnoea after the bradycardia has ended (Fig. 5) .
24-hour ECG and respiration recordings on infants with arrhythmias on a standard ECG showed that premature beats or supraventricular tachycardias were not associated with apnoea, implying that they are primary disorders ofcardiac conduction. Some infants with episodes of bradycardia had associated apnoea and some did not. The former may represent autonomic reflex events and the latter primary change in cardiac conduction.
Findings related to sudden infant death and hypoxaemic brain damage. Between 60 and 75 % of preterm infants during the first days or weeks of life have prolonged apnoea >20 seconds.4-These episodes often occur during sleep.2425 Many lead to hypoxaemia, require resuscitation, and are life threatening. Our hypothesis that some preterm infants on discharge from hospital may have dangerous prolonged apnoea not detected by clinical observation was supported by the finding in one such infant of apnoea >50 seconds. This infant had been at home for 4 days before the tape recording was analysed but no abnormal features had been noticed, either by nursing staff before discharge from hospital, or by his parents.
The true incidence of prolonged apnoea in the apparently healthy preterm infant on discharge from hospital requires the study of a much larger population. This finding of a higher frequency of hidden prolonged apnoea in the preterm group than in the term group may explain the higher incidence of SIDS in preterm than in term infants (6-12/1000 preterm,9-1 2/1000 term, J R Oakley, 1978, personal communication).
Finally, Steinschneider,7 26 and Guilleminault, 8 showed that the frequency and duration of prolonged apnoea is enhanced by the presence of respiratory infection. Up to 40% of infants who group.bmj.com on December 22, 2017 -Published by http://adc.bmj.com/ Downloaded from 24-hour tape recordings of ECG and respiration in the newborn infant 15 suffer SIDS have been reported to have had preceding minor respiratory infections.9 It is therefore also possible that infants with prolonged apnoea represent a high risk group who, with intercurrent illness, die suddenly and unexpectedly.
The incidence of some form of brain damage in the survivors of preterm, low birthweight babies has been reported to be between <3 and 33 %,27 a much higher frequency than in the term infant. Much of this damage occurs because of antenatal or immediate postnatal problems, but is it possible that in a proportion of preterm infants, hypoxaemia related to late onset, hidden, prolonged apnoea may be responsible ?
Assuming a resting lung volume of 30 ml/kg and O2 consumption of 7 ml/kg per min (representative for the neonate) alveolar P02 will have fallen from 100 to 25 mmHg (13.3 to 3 3 kPa) and the blood in the pulmonary veins will only be 50 % saturated after 36 seconds of apnoea in a 3-kg infant (E Hey, 1979, personal communication). Pronounced hypoxaemia was therefore present in our preterm infant with apnoea >50 seconds. All previously reported work on prolonged apnoea and SIDS has resulted from the study of near-miss cot death patients.7-828 These findings, and our own, show that many patients, particularly those of low birthweights, have prolonged apnoea and bradycardia. However in the study of near-miss patients it is possible that hypoxaemic brain damage associated with the original episode could result in the subsequent attacks of apnoea and bradycardia.29 Brain damage both in infants30 and adults31 has been shown to predispose to such episodes. Fig. 13 shows that it may now be possible to recognise a baby with an abnormal 24-hour ECG and respiration recording. If our hypothesis that infants with abnormal apnoea or bradycardia are at excessive risk of SIDS or postnatal brain damage is true, then infants at high risk may be identified and given preventive treatment.
Conclusion
This study has defined a range of normal values for ECG and respiration patterns in newborn infants before their discharge home. One of 100 apparently healthy low birthweight infants showed prolonged apnoea and extreme bradycardia. Similar findings were demonstrated in recordings of 'near-miss' SIDS subjects, and in a baby whose 2 siblings had died from SIDS. Sudden death and brain damage both occur more frequently in preterm infants and a possible relationship between these events and prolonged apnoea and bradycardia will only be determined by a prospective study that demonstrates an excess of sudden death or brain damage in a population of healthy preterm infants identified as having these disorders on discharge from hospital.
Addendum
In a subsequent and continuing study of 140 preterm or low birthweight infants, 3 had episodes of bradycardia <50/minute including 2 with apnoea exceeding 30 seconds (31s, 37s). Thus in total prolonged apnoea (exceeding 30 seconds) and/or extreme bradycardia (<50/minute) was detected in 4 of 240 preterm or low birthweight infants. 
